Abstract Soil batch and column experiments were performed to characterize the wastewater effluents from seven different wastewater treatment plants in the Jonnam province, South Korea, with the purpose of evaluating the effluents for possible application of a soil aquifer treatment (SAT) in Korea. Batch experiments were conducted to measure the biodegradable dissolved organic carbon (BDOC) while 1 m soil columns, for simulating SAT, were employed to further analyze dissolved organic carbon (DOC) removal. The soils were collected from a river bottom in Jonnam. The BDOC fractions and the residual DOC concentrations for the effluents ranged from 19.3 to 59.9% and from 1.0 to 7.5 mg/L, respectively, depending on the reaction time. Applying the tentative criteria based on the data obtained for the BDOC and residual DOC, three effluents, from Gwangju, Hwasoon, and Jangsung, were found to be the most suitable for SAT applications. It was also concluded that the site characteristics should be also considered with regard to the retention time when evaluating the feasibility of SAT application in a certain region.
Introduction
Effluents from wastewater treatment plants are considered to be potential indirect water sources, when treated by various reuse technologies, in arid regions of many countries (Idelovitch et al., 1980; Kopchynski et al., 1996; Viswanathan et al., 1999) . Soil aquifer treatment is one prominent water reuse technology employing the unsaturated and saturated zones of an aquifer to improve the water quality of a wastewater effluent. Although studies have been done with regard to the fate and transport of effluent organics, little research has been conducted about the effectiveness of effluent for SAT application and system performance (Drewes and Fox, 1999b; Quanrud et al., 1996b) . As the effluent characteristic varies depending on the types of treatment and source water quality, it was hypothesized in this study that there might be more effective effluents for better use of SAT process. Thus different wastewater effluents were evaluated for possible SAT application in a certain region.
The BDOC is the biodegradable portion of the DOC contained in the wastewater effluent and can be measured by various methods (Frias et al., 1995; Ribas et al., 1991) . Since it is known that much of the DOC in wastewater effluents can be removed during the initial stages of SAT through microbial reactions, the BDOC fraction is an important parameter in characterizing the effluent (Drewes and Fox, 1999a; Drewes and Jekel, 1998) . The objective of this study was to evaluate appropriate wastewater effluents, and therefore the use and application of SAT, in the Jonnam province, South Korea, through the analysis and comparison of their BDOC fractions and residual DOC concentrations. Other characteristic parameters of organic compounds, such as specific ultra-violet absorbance (SUVA) and the molecular weight distributions, were also discussed. And it was tried to propose the most suitable effluents for possible SAT application in that region.
Materials and methods

Wastewater effluents
Wastewater effluents were collected from seven representative wastewater treatment plants located in the Jonnam province, South Korea. The types of treatment and the capacity of the plants are summarized in Table 1 . Five different types of treatment processes were used, including an activated sludge process. Most of these are biological processes, except the chemical coagulation used at the Daebull plant. The characteristics of the wastewater effluents are presented in Table 2 . Effluents were stored in the dark at 4°C immediately after collection.
Soil batch reactors
Erlenmeyer flasks (250 ml) were used for the BDOC measurement for each wastewater effluent. Each flask contained 60 g of sieved (less than 2 mm in diameter) Youngsan river soil and 150 ml of feed solution. Soils were washed several times with a saline solution (mixture of 0.15 M NaCl and 1 mM MgCl 2 ) to remove the background DOC without disturbing its biomass. For the acclimation of biomass to each effluent, batch reactors were fed with fresh effluents every 7 days until a stable degradation was achieved, after 8 weeks of repetitive feeds. The reactors were then run to determine the BDOC of each effluent and were kept under dark conditions and a steady room temperature (about 20°C). The reactors were operated for 7, 14, 21, and 29 days to observe any changes in the BDOC with the reaction time.
Soil columns
Three 1-m columns containing sieved Youngsan river soils (Table 3) were used in the experiment (Figure 1 ). Columns were constructed with acrylic tubes (inner diameter of 11 cm and wall thickness of 0.5 cm), modifying the soil column designed by Quanrud et al. (1996a) . About 30 cm of headspace above the topsoil was provided to pond the wastewater effluent during the flooding. Samples were also collected from various depths of the column (8, 18, 38, and 78 cm) using 10 cm long Rhizon soil moisture samplers (Eijkelkamp, Netherland). Secondary effluent from the Gwangju wastewater treatment plant was used as a feed solution to the columns. Columns were operated in weekly cycles of 4-days flooding and 3-days drying. Each column was set to represent a different depth of the unsaturated vadose zone (0, 0.5, 1 m) during the drying times to take into consideration different vadose zones of natural soil systems. Artificial light was provided for 6 hours per day (10:00 a.m. to 4:00 p.m.) to stimulate algal growth on the soil surface as in natural systems.
Analytical methods
All samples were filtered using 0.45 µm syringe filters and had their UV absorbance and DOC measured. The UV absorbance was measured at a wavelength of 254 nm using a Shimadzu UV mini 1240 UV-VIS spectrophotometer (Shimadzu, Japan) with a 1-cm path length. The DOC was analyzed using a computer-controlled PPM LabTOC (Pollution and Process Monitoring, UK) with a PPM PSA autosampler. Samples were reacted with a 5% sodium persulphate solution and UV light to produce CO 2 , which was then used to estimate the DOC. To determine the molecular weight distribution, Amicon 350 ml stirred cell units were used with YM1, YM3, and YM10 Millipore Amicon ultrafiltration (UF) membranes (Millipore, Billerica, Massachusetts, USA), which have molecular weight cut-offs of 1, 3, and 10 kDaltons, respectively. All samples were pre-filtered using GF/C filters followed by filtration with 0.45 µm membranes. The permeation coefficient model (Logan and Jiang, 1990) , which prevents the underestimation of the permeate concentration, was used to obtain a molecular weight distribution.
Results and discussion BDOC fractionation Figure 2 shows the BDOC fractions of each wastewater effluent after a 7-day reaction. The sum of the BDOC and NBDOC (Non-biodegradable dissolved organic carbon) represents the initial DOC concentration of each effluent. The BDOC fractions ranged from 19.3 to 46.4% according to the results after a reaction time of 7 days. While a relatively higher biodegradation occurred in effluents from Gwangju, Hwasoon, Jangsung, and Hampyung, it seemed that effluents from Dogok, Daebull, and Youngam were not readily biodegradable. In particular, the sample from Hampyung showed a high final DOC concentration (4.8 mg/L) although it also had a high BDOC fraction (40.9%). This result clearly shows that the BDOC fraction and the final DOC concentration should be considered simultaneously when evaluating the effluent for possible SAT application. Considering the applied technology for wastewater treatment, effluents from activated sludge processes (Gwangju), rotating biological contactors (Hwasoon and Jangsung), and oxidation ditches (Hampyung) tend to be highly biodegradable while effluents from contact oxidation (Dogok) and coagulation (Daebull) appear to be more refractory. Based on these results it may be said that the BDOC fraction appeared to be dependent on the type of treatment process. However, a comparison between Youngam and Hampyung, for which the same treatment technology (oxidation ditch) was applied, presumably reveals that the BDOC fraction depends not only on the type of treatment but also on the characteristics of the wastewater. Figure 3 presents the characteristics of DOC removal in the BDOC fractionation for various reaction times. It shows that the BDOC removal tends to vary with time, showing a faster biodegradation rate during the initial period of the reaction, followed by a slower degradation. This may be related to the dependence of microbial growth on substrate concentrations. In other words, microbial growth would be enhanced during the initial period of the reaction when the substrate is high, whereas the growth rate would attenuate as the amount of available substrate diminished. Although the growth rate decreased with time, the DOC removal continued for 29 days. After 29 days, the BDOC fractions and the residual dissolved organic carbon (DOC) concentrations for the effluents ranged from 19.3 to 59.9% and from 1.0 to 7.5 mg/L, respectively, depending on the reaction time. These results suggest that the effects of the retention time on the BDOC fraction may be significant for certain wastewater effluents, such as the effluents from Gwangju, Hwasoon, and Hampyung.
DOC removal in long term BDOC tests
Specific UV absorbance
Organic compounds having aromatic structures are normally responsible for UV absorbance within the wavelength range of 200 and 300 nm (Michail and Idelovitch, 1981) , and a UV absorbance at 254 nm (UVA-254) is usually acceptable for the measurement of humic substances. The ratio of UVA at 254 nm to the DOC is defined as the specific UV absorbance (SUVA), for which a change is generally accepted as an indicator of biodegradability since the UVA-254 represents relatively refractory compounds. A high SUVA implies the sample contains high fraction of refractory compounds. For readily biodegradable matter, the value of the SUVA will increase after a biological reaction. Figure 4a shows that the SUVA increases for the effluents from Hwasoon, Jangsung and Gwangju, which also showed high BDOC fractions ( Figure 2 ) and this increase continued with the reaction time (Figure 4b ). However, there was an inconsistency in the results between the BDOC and SUVA for the effluents from Dogok and Hampyung. This inconsistency resulted from a loss in the UVA-254 values for each of these effluents. While the UVA-254 decreased significantly in the Hampyung sample, the loss was low in the Dogok sample (data not shown). This implies that a special consideration on UVA-254 removal characteristics should be taken when using the change of SUVA as an indicator of biodegradation.
Change in molecular weight distribution Figure 5 presents the molecular weight distributions of each effluent before and after BDOC fractionation. The effluent characteristics were analyzed to see if there was any preferential degradation for a specific size fraction during the BDOC reaction. Although it was observed that some specific size fraction was significantly degraded, this was not always true for the other effluents, implying that the preferential degradation for a specific size differs dependent upon the characteristics of effluent. It may also be related to the distinctive microbial activity of the different species of microorganisms, and their enzymes, to degrade the organics present within the effluent. Soil column experiments showed a similar rate of DOC degradation to those of the batch BDOC tests. Columns were operated with a retention time of about 1 to 3 days and showed an average DOC degradation of 25.2% for a one month operation (data not shown). The infiltration rates were initially 0.8, 1.9, 3.5 ml/min for column I, II, III, respectively, and decreased significantly after 25 days, resulting in an increase of the retention time (about 2 to 12 days). The hydraulic loading during the column operation was altered from 11.5-50.4 cm 3 /cm 2 d -1 to 2.9-20.2 cm 3 /cm 2 d -1 , which are values similar to those of previous studies (Van Cuyk et al., 2001; Viswanathan et al., 1999) . As shown in Figure 6a , the DOC removal rate was initially higher in column I, which had a longer retention time, but then did not differ between the columns as time progressed. This indifference between the columns was also observed in the SUVA values, although all three columns showed a tendency to increase (Figure 6b ). This may suggest that the degradation of the BDOC does not have an intimate relation to the depth of the unsaturated zone during drying time, and that the depth only affects the infiltration rate of the column, which is related to the treatment capacity of SAT. Figure 7 presents the DOC removal according to the depths of the columns. After the first cycle of the column operation, the DOC continued to be degraded with depth, except for in column III. However, after the fourth cycle, a significant decrease in DOC occurred only within a depth of 18 cm, compared to the soils surface. This further demonstrates the effective removal of DOC during the initial periods of SAT. As well, increases in the SUVA, as compared to the top of the soils, also provide evidence to the effective bio- degradation resulting in a high DOC removal. This is analogous to the results of previous works (Drewes and Fox, 1999a; Drewes and Jekel, 1998) . Based on the results obtained in this study, it was found that the BDOC fraction and the final DOC concentration were significant factors that should be considered when selecting an appropriate wastewater effluent for SAT. The main removal takes place during the initial period of operation through biological degradation. Thus, the tentative criteria for the selection of an effluent have been established as follows: (1) a BDOC fraction of greater than 30% and (2) a residual DOC of less than 3 mg/L. Among the seven wastewater effluents evaluated in this study, three effluents, i.e., those from Gwangju, Hwasoon, and Jangsung, met the above criteria. However, it does not necessarily mean that other effluents are not appropriate for SAT application but rather implies that their effectiveness for use in SAT is less compared with the three selected effluents. For example, the effluents from Youngam and Dogok can be reused without the need of applying SAT or any other treatment as they already have a relatively low initial DOC concentration.
Conclusions
The efficiency of SAT may vary dependent upon the characteristics of the site and the wastewater effluent. In this study, therefore, the effectiveness of an effluent for SAT application was determined using tentative criteria. The BDOC fractionation and the residual DOC concentration were used to establish the criteria for the selection of an appropriate effluent. The BDOC fraction varied from 19.3 to 59.9% for seven different wastewater effluents depending on the reaction time, and the final DOC concentrations ranged from 1.0 to 7.5 mg/L. It was found that three effluents, i.e., those from Gwangju, Hwasoon, and Jangsung, were the most appropriate for SAT application. In addition, as the retention time significantly affected the BDOC fraction and final DOC concentration, it may be concluded that both the effluent and the site characteristics should be considered together when evaluating the feasibility of SAT application. at the end of flooding (cycle 4) Figure 7 Depth-wise variation of DOC and SUVA during a flooding period: samples were collected from various depths of the column I, II, and III using soil moisture samplers
